Studies on the Mechanism of Influenza Virus Entry into Cells
(Accepted 23 November I978 ) SUMMARY Inhibitors of glycolysis, oxidative phosphorylation, protein synthesis, membrane Na+-K + transport and microfilament and microtubule function have been employed to elucidate the mechanism of influenza virus uptake by CAM and CEF ceils. Electron microscopy demonstrated uptake of virus by viropexis in the presence of all these inhibitors. Utilizing a pulse labelling technique, virus entering CEF cells in the presence of inhibitors was shown to initiate specific virus polypeptide synthesis after neutralization of remaining extracellular virus and removal of the inhibitors. As a consequence of these findings an energy independent mechanism of viropexis has bee n proposed.
Viropexis is the predominant mode of entry into the host cell for a number of viruses (Dales, I973) . Electron microscopic studies have described the sequence of events occurring during viropexis (Chardonnet & Dales, I97o; Dourmashkin & TyrreU, I974; Patterson & Bingham, I976) ; however, little attention has been focused on the molecular mechanism underlying the process. Although entry of influenza virus by fusion of the plasma and virus membranes has not been disproved, the weight of available evidence suggests that this virus enters susceptible cells by viropexis (B~ichi, 197o; Dourmashkin & Tyrrell, I974; Dales & Pons, I976) . Influenza virus has therefore been employed to investigate the process of viropexis up to the stage of inclusion of the virus in a cytoplasmic vacuole.
Deoxyglucose and sodium azide, inhibitors of glycolysis and oxidative phosphorylation (Hotchkiss, I944; Webb, I966) have been utilized in order to determine whether viropexis is a physiologically active process. The effects of cycloheximide, ouabain, cytochalasin B and colchicine which are, respectively, inhibitors of protein synthesis (Cooper et al. I967) , membrane Na+-K + transport (Cramble, ~957) , microfilament (Wessells et al. I97I) and microtubule (Weisenberg & Timasheff, i97o ) function have also been examined. As a consequence of the results of these experiments, an energy independent mechanism of viropexis has been proposed.
The A/Hong Kong/I/68(H3N2 ) strain of influenza was used for the present investigations and was propagated in the allantoic cavity of Io-day old embryonated eggs to a titre of 3o0 haemagglutinating (HA) units/ml. Virus was concentrated by centrifugation at I9ooo rev/min for 60 min in a Beckman centrifuge and an LI 9 rotor on to a 60 ~o, w/v, sucrose pellet and resuspended in PBS to I/tooth the original volume. The final titre of virus was measured by plaque assay in a continuous line of canine kidney cells (MDCK). Electron microscopy showed that the concentrated virions were intact. Preliminary electron microscopic experiments were carried out with chick chorioaUantoic membrane (CAM) cells which were prepared as previously described (Patterson & Bingham, I976) . Later experiments used chick embryo fibroblasts (CEF) grown on 60 mm plastic Petri dishes in Eagle's minimal essential medium (MEM; Gibco) with 5 Y/o foetal calf serum. CEF ceils were more easily disrupted and solubilized in experiments where virus polypeptide synthesis was monitored by radiolabelling and subsequent gel electrophoresis than were the CAM oo22-t3t7/79/oooo-343o $02.oo © t979 SGM Short communications cells. The same experimental protocol was followed for both cell systems except that only the CEF cells were used in the radiolabelling experiments. In brief, cell preparations were incubated fox 2o min at 37 °C in Li 5 medium containing one of the following compounds: sodium azide at concentrations of Io -1 M, 5 x io -~ u Io -2 M and IO -3 M, cytochalasin B (ICI Ltd, Cheshire) at 2o #g/ml, colchicine (Sigma Chemicals Ltd) at Io -4 M and a combination of cytochalasin B at zo #g/ml and colchicine at io -4 M. Only CEF cells were employed in experiments which involved pre-incubation with ouabain at Io -~ M, cycloheximide at ioo #g/ml and a combination of sodium azide at to -3 M and deoxyglucose at 5 x io -~ M. In one experiment using CEF cells and the combination of sodium azide and deoxyglucose, phosphate buffered saline (PBS) was substituted for Lt5 medium. Approximately Iooo p.f.u./cell of virus were then added to pre-incubated cells which were maintained at 4 °C for 2o min. After this period, cells were warmed to 37 °C and incubated for a further zo min at 37 °C. At this stage cells for electron microscopy were fixed for i h at room temperature in 3 ~ glutaraldehyde buffered with o-I M-cacodylate buffer, pH 7"3. Fixed ceils were then processed as described previously (Patterson & Bingham, I976) . In some experiments with CAM, plasma membrane carbohydrate was stained with ruthenium red following the procedure advocated by Luft (I97I).
In order to establish whether any virus entering cells in the presence of an inhibitor could subsequently initiate virus polypeptide synthesis, the following parallel experiments were performed. CEF ceils were incubated with inhibitors and virus as described above. After 2o min at 37 °C, o-25 ml of a monospecific antiserum prepared in goats against the haemagglutinin of A/HK/I/68 virus (final haemagglutination inhibition titre I:Iooo) was added to the cell preparations to neutralize unadsorbed and non-penetrated virus. It has been demonstrated that antibody prevents attached but non-penetrated influenza virus from entering CAM cells (Dourmashkin & Tyrrell, I974) . All cells were subsequently washed three times in order to remove the inhibitors and incubated for 4 h in Gey's medium at 37 °C-asS-methionine (2o#Ci per dish, sp. act. 445 Ci/mmol; Radiochemical Centre, Amersham) was added for 20 min, the cells were washed and then disrupted with a mixture of 2%, w/v, SDS and o-6%, v/v, 2-mercaptoethanol. Volumes (4o #1) were layered on to slab gels of I7"5 ~o polyacrylamide and electrophoresed using discontinuous buffers for i8 h at 4o mA (Oxford et al. I978) . Gel slabs were dried and autoradiographed by standard procedures.
In preliminary experiments using time lapse cinephotography, we established that within 20 rain, cytochalasin B at a concentration of 2o/zg/ml inhibited movement of non-confluent fibroblasts and caused the cells to round up and send out slender spikes of cytoplasm. Similar cytochalsin B induced changes have been described by other workers (Goldman et al. I973 )-By thin section electron microscopy it was demonstrated that a 2o min incubation with Io -4 M-colchicine caused the depolymerization of fibroblast microtubules. Sodium azide was shown to inhibit synthesis of cellular protein at all the concentrations at which it was used by pulse labelling treated cells with 35S-methionine as described above.
The electron microscopic picture of virus entry into control untreated CAM and CEF cells was identical with that observed in ceils treated with all the inhibitors employed. Similar numbers of virus particles were observed in control untreated cultures as in the drug treated cells. Virus was found attached to the plasma membrane after 2o min incubation at 37 °C. Between 2 ~ and 5 ~ of virus particles attached to CEF cells were associated with thickened regions of the plasma membrane (Fig. I a, b) . The remainder of the particles were attached to unthickened plasma membrane. Regions of thickened membrane were found in control uninfected cells with a frequency similar to that observed in the infected cells. The thickening These ceils were post-fixed for I h on ice with I ~ osmium tetroxide in o'I M-cacodylate buffer, pH 7'3, containing 3'5 mg/ml ruthenium red; ( f ) C A M cells treated with 2o #g/ml of cytochalasin B and IO-~M colchicine. Post-fixation as described in (e).
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is unlikely to be an artefact of tangential sectioning, as clear unit membrane structures were observed in the thickened regions. Following attachment, virus particles were observed in the process of being engulfed by viropexis prior to passage into an intracellular vacuole (Fig. I c, d ). Thickened plasma membrane associated with the attachment site appeared to be internalized with the virus, giving rise to a vacuole with a thickened membrane (Fig. I c, d ). Some vacuoles containing only one virus particle with the vacuolar membrane tightly bound to the virus were found (Fig. I e) . Other vacuoles containing more than one virus were also found. The studies with ruthenium red were of particular interest. This stain does not penetrate the plasma membrane and hence the pattern of staining obtained (Fig. I e, f) provided evidence that the virus-containing vacuoles observed were fully sealed off and not merely invaginations of the plasma membrane. No evidence of entry by fusion of virus and plasma membranes was found. However, the possibility of some fusion events occurring cannot be totally excluded.
An attempt to quantify the electron microscopy was made by counting the number of extracellular virus particles attached to the cell membrane and the number of particles contained within cytoplasmic vacuoles. Between 2oo and 4oo particles were counted in each experiment. The results were expressed as a ratio of intracellular:extracellular virus. This method of quantification was only intended to give. an approximation of the number of virions entering the cell as the ratio obviously varies depending on how rapidly virus is uncoated within the vacuoles. In all experiments ratios between I : ~ and I : I5 were found. There was no consistent difference between control and inhibitor-treated samples.
Analysis of the pulse labelled samples by gel electrophoresis and autoradiography revealed that, with the exception of IO -1 M-azide, virus entered cells in the presence of the inhibitors and initiated virus polypeptide synthesis. The autoradiographs showed the presence of NP, M and NSI polypeptides induced by virus infection (Fig. 2) . The highest concentration of azide also blocked normal host cell protein synthesis, presumably indicating irreversible cell damage. Cells pre-incubated with 5 x io -2 M-azide showed a slight reduction in virus polypeptide synthesis compared with control samples but this was also paralleled by a similar reduction in normal host cell protein synthesis. Control experiments with antiserum-neutralized virus showed negligible virus polypeptide synthesis indicating that polypeptide synthesis was not initiated by virus penetrating the cells after the drugs had been removed.
Entry of influenza virus in the presence of colchicine and cytochalasin B or a combination of the two drugs tends to rule out a role for microfilaments and microtubules in viropexis. The underlying mechanism of viropexis is therefore quite different from antibody-mediated capping and pinocytosis (Taylor et al. I971) and phagocytosis (Allison, I973) both of which rely on unimpaired microfilament function. Other drugs such as ouabain, a blocker of the Na+-K + ATPase membrane pump, and cycloheximide, an inhibitor of protein synthesis, are known to have an inhibiting effect on phagocytosis (D'Onofrio et al. ~977) but were found to have no effect on viropexis. Treatment of fibroblast cell lilies with a combination of a glycolytic inhibitor, deoxyglucose, and an inhibitor of cytochrome-linked phosphorylation, sodium azide, dissolved in culture medium, has previously been demonstrated to reduce both the pinocytosis of horseradish peroxidase and cellular ATP levels by 80 to 90 (Steinman et al. I974) . Entry of virus in the presence of these two inhibitors dissolved in PBS strongly support the hypothesis that viropexis does not require metabolic activity.
The most widely accepted model of membrane structure is the fluid mosaic model of Singer & Nicolson (I972). The membrane is envisaged as a fluid lipid layer into which proteins are inserted and are free to diffuse laterally. Recently i t has been suggested that the initial interaction of adenovirus with its membrane receptor is accompanied by membrane flow (Philipson et al. I976) . We propose that after attachment of the influenza virus to its appropriate receptor, the fluid bilayer randomly flows around the virus particle. This would be independent of the energy metabolism of the cell. As contact is made with more receptors so the binding would be expected to become more secure until finally the virus is enveloped by the plasma membrane. Whether the thickened regions of the plasma membrane are preferential sites of attachment and entry or have any significance in the infectious process is not clear. A similar sequence of events has been proposed for the apparent 'phagocytosis' of Sendai virus by liposomes (Haywood, 1975) . Cellular entry of influenza virus at 4 °C has been observed by electron microscopy (Hackemann et al. I974) and in experiments employing radiolabelled virus (Stephenson & Dimmock, 1975) . These studies support the conclusion that entry does not require metabolic activity. Thermodynamic analysis of the binding of polyvalent ligands to cell membranes (Hewitt, 1977) suggests that binding will induce a curvation in the membrane which is concave towards the side to which the ligand is bound. This applies when ligand is bound to either the cytoplasmic or non-cytoplasmic side of the membrane. The virus particle with its repeating subunits which bind to the virus receptors in the cell membrane may be regarded as a polyvalent ligand. Thus invagination of the membrane as a consequence of virus attachment may be considered to be the most thermodynamically stable configuration for the membrane to adopt. In order for a virus-containing invagination to become an intracellular vacuole, fusion of the plasma membranes must occur.
Mechanisms by which the process of fusion may occur have already been proposed (Lucy, 197o; Wills et al. 1972 ). The present investigations support the hypothesis that influenza virus attachment envelopment and the subsequent formation of virus-containing intracellular vacuoles are not metabolically active processes. The mechanism by which virus genetic material crosses the vacuolar membrane en route to its appropriate cytoplasmic or nuclear site still remains unclear. Experiments designed to elucidate this problem, and also to examine the possible role of fusion events in the infectious process, are currently in progress.
